Abstract -In many atolls of the South Pacific, a shift has occurred in the past couple of decades from traditional to more intensive fishing practices. Increasing fishing pressure on coral reefs raises the need for long-term studies to understand how fish communities react to fishing practice changes. The objective of this study was to analyse the variations of reef fish communities (in terms of species richness, diversity, density and structure) during a long time lapse at Tikehau atoll (Tuamotu archipelago, French Polynesia). The same eight lagoon pinnacles were sampled in 1987 and 2003 at 6 and 12 m depth. Quantitative data were collected by visual census techniques (UVC) on 50 m × 5 m belt transects. Analyses were conducted using a multiple spatial scale (depth, pinnacle and whole lagoon) approach with a particular attention on commercial species such as Scaridae (parrotfish), Acanthuridae (surgeonfish), Lutjanidae (snapper), Lethrinidae (emperor), Serranidae (grouper). Despite an increased sampling effort between 1987 and 2003, the mean species richness per transect decreased significantly from 26.2± 6.2 to 21.6± 9.6. The mean diversity varied similarly. A stronger decrease happened at pinnacles close to the village, where fish density also decreased. Conversely, fish density, species richness and diversity increased at pinnacles less visited by inhabitants. The community structure shifted from commercial species to small site-attached species e.g. Pomacentridae (damselfish), Ptereleotridae (dartfish) as fishing reduced the abundance (and biomass) of targeted stocks. We argue that these spatiotemporal variations resulted from a drastic change in fishing practices over the 16 years period, that shifted a sustainable fishery using traditional fish traps to an unbalanced, species-threatening, selective fishery. This study underlines the need for management and for the implementation of marine protected areas (including no-take zones) in order to protect the coral reef ecosystem and favor sustainable fisheries at Tikehau atoll.
Introduction
Long-term studies on coral reef fish communities are getting more frequent. However, they focus often on reefs heavily impacted by human disturbances (e.g. Russ and Alcala 1989; Chabanet et al. 2002) , cyclones, coral bleaching and other natural disturbances (e.g. Williams 1986 ; Letourneur et al. 1993; Chabanet 2002; Graham et al. 2007) . They are also implemented to study the effects of marine reserves (Russ and Alcala 1996; Russ et al. 2003; Alcala et al. 2005; Lison de Loma et al. 2008) . Since the majority of the world's coral reefs are located in countries where human populations are likely to double in the next 30-50 years, pressure on these ecosystems will inevitably increase (Mc Manus 1997) , along with the most important human exploitative activity on coral reefs: fishing. Quantitative understanding of the effects of fishing using longterm studies is necessary as it helps managers to make efficient management choices. The Tuamotu atolls (French Polynesia) offer the opportunity to assess long-term changes of reef fish community structure in an environment minimally impacted by human pressure, but where shift in fishing practices is occurring.
The fish communities of Tikehau atoll have been studied on several occasions since the mid eighties, starting with selected groups of species, like herbivorous families (Harmelin-Vivien 1984) , or total fish fauna (Galzin 1985 (Galzin , 1987 . A second set of studies concerned the fish communities of the traditional fishery (Morize 1984 (Morize , 1985 Blanchet et al. 1985; Caillart and Morize 1986, 1988) or the biology of target species in the fishery Caillart 1988; Morize and Caillart 1987) . The total fish fauna of Tikehau lagoon was studied more intensively in 1987 (Morize et al. 1990; Caillart et al. 1994 ) and later in the nineties (Dufour and Harmelin-Vivien 1997) . These studies yielded results of major interest on the ecology of reef fishes in atoll environments in the Central Pacific. Several years later, in 2003, Tikehau was selected for an intensive multidisciplinary field study on the relationships between fish communities and their habitat sensu lato (i.e. coral communities, space complexity and geomorphology, socio-economic environment, etc.). A novel ecosystemic approach was used to examine fishing pressure effects on fish communities, in the context of complex interactions between the natural environment, species and anthropogenic effects.
The fishery studies carried out between 1983 and 1987 in Tikehau lagoon showed a homogeneous pattern of yearly landings, with a slight increase in time (Caillart et al. 1994) . However, the relative abundance of species varied considerably through this period: yields per species doubled or decreased by half without predictive sign, despite similar fishing effort and gear (non-selective fish traps). Only a handful of minor species were equally harvested year after year. The great number of species available, a common characteristic of reef fisheries (cf. Polunin and Roberts 1996) , tended to buffer the large fluctuations in total catch by changes in population levels of individual species. The 2003 field trip was a good occasion, 16 years after the 1987 study, to sample the fish communities in the Tikehau lagoon, using a similar design, with the following questions in mind:
• Had the fish community changed at the lagoon scale during this long time lapse? • If so, which community descriptors (species richness, diversity, density) were mostly affected through space and time? • Had there been any spatial variation of the community in the lagoon during this time that could explain how the fishery functioned?
2 Materials and methods
Study sites
Fish communities were studied at eight different pinnacles (sites) in the lagoon of Tikehau atoll (Fig. 1) . In October 2003, three to four stations were sampled within each site. At a depth of 12 m, one station was located on the windward side and another on the leeward side of the pinnacle. A similar design was applied at 6 m, when the size of the pinnacle was large enough. Fish were sampled all around the pinnacle when it was too small. At each station, underwater visual censuses (UVC, Harmelin-Vivien et al. 1985) were carried out on three 50 m × 5 m belt-transects. All fishes observed were identified to the species level and enumerated. The entire 50 m transect line was continuously surveyed for the occurrence of very large individuals (e.g., sharks, rays, terminal phase parrot fishes, etc) or members of highly mobile species (e.g., carangids). In the case of smaller individuals or more territorial species, each transect line was subdivided into 5 m subsections and only individuals within a given subsection were counted. When all of the fishes within a subsection had been recorded, the diver moved on to the next 5 m subsection and counted the individuals within that subsection. This process was repeated until the entire transect had been sampled. A total of 78 transects was surveyed.
The sampling design was slightly different in 1987. The same pinnacles were sampled using UVC at the same depths, but the number of stations per pinnacle and the number of transects per station related to wind exposure was different, yielding a total number of 35 transects (Table 1) . These pinnacles were chosen randomly in separate geographical sectors to ensure a homogeneous sampling of the lagoon. They were also checked for homogeneity in terms of coral vs. sand cover and size.
Data analysis
Differences between 1987 and 2003 in mean species richness, diversity (H' Shannon index) and density of fish per transect were tested using a hierarchical ANOVA (3 nested factors: year, pinnacle and depth). Spatial variations of species richness, diversity and density in the lagoon were then analysed separately in 1987 and in 2003 using one-way ANOVA and a posteriori comparisons of means (Student-Newman-Keuls test, SNK).
A correspondence analysis (Benzecri 1973) was performed on species abundance data for 32 stations, using the ADE4 statistical software (Thioulouse et al. 1997) . The 32 stations correspond to the means of the number of transects censused at each pinnacle, at 6 m and at 12 m, in 1987 and 2003 (8 pinnacles × 2 depths × 2 years). Species with low abundance (< 1 individual per station for both years) were removed from the analysis.
Fish communities were also analysed relating to fishing, using a commercial/non commercial interest species classification (cf. Appendix).
Differences in fish abundance in each commercial/non commercial group were tested between and within each year using hierarchical ANOVAs (nested factors: year, pinnacle, depth and wind exposure). When a significant difference due to one factor appeared, a one-way ANOVA was carried out, followed by a SNK test. All statistical procedures were performed at a 0.05 confidence level.
Results

Decrease in species richness and diversity
The overall number of fish species recorded around the eight pinnacles in Tikehau lagoon increased from 96 in 1987 to 130 in 2003. However, a significant decrease in mean species richness at the different pinnacles occurred between 1987 and 2003 (Table 2 ) (hierarchical ANOVA, "year" effect: F 1,7 = 16.5, p < 0.001). This decrease was observed at most pinnacles in the lagoon, except pinnacle 4. The highest decrease was observed at pinnacles 1, 2 and 5.
Mean species richness in 2003 varied significantly among pinnacles ("pinnacle" effect: F 7,7 = 10.3, p < 0.001, Fig. 1 ), and between depths (F 1,7 = 60.7, p < 0.001). Fish communities were systematically more diverse at 6 m than at 12 m ( Table 2 ). The interaction between "year" and "pinnacle" was significant (F 7,7 = 4.2, p < 0.01). No interaction occurred between "year" and "depth", or "pinnacle" and "depth". Spatial variations of species richness (both "pinnacle" and "depth" factors) explained most of the variance, when compared to temporal variations ("year" factor effect).
Mean species diversity also decreased between 1987 and 2003 (Table 2 ) (hierarchical ANOVA, "year" effect: F 1,7 = 16.1, p < 0.01). Each pinnacle was affected by this decrease (Fig. 1) . Similarly, significant differences in diversity were observed among pinnacles (F 7,7 = 8.4, p < 0.001) and between depths (F 1,7 = 73.9, p < 0.001). Diversity was always higher at 6 m ( Table 2) . Spatial variations explained a higher percentage of variance of species diversity than temporal variations.
Spatial modifications of fish communities
While no significant spatial variation of mean species richness and diversity appeared among pinnacles in 1987, clear differences were noted in 2003 ( Fig. 1 ; species richness: F 7,70 = 7.13, p < 0.001; diversity: F 7,70 = 3.35, p < 0.01). The lowest species richness and diversity were at pinnacles 2, 5 and 6. The mean density of fish communities did not vary significantly in the lagoon between 1987 and 2003 (Table 3) , but significant spatial variations were observed among pinnacles (hierarchical ANOVA, "pinnacle" effect: F 7,7 = 5.1, p < 0.001, Fig. 1) , showing once again the prevalence of spatial factors over temporal factors. Density also varied with depth (F 1,7 = 4.5, p < 0.05), fish communities being always more abundant at 6 m than at 12 m (Table 3 ). Significant interactions were noted between "year" and "pinnacle" (F 7,7 = 4.4, p < 0.001), and between "pinnacle" and "depth" (F 1,7 = 4.8, p < 0.001).
In 1987, density varied significantly among pinnacles (F 7,70 = 7.2, p < 0.001), with more fish at pinnacles 5 and 3 than at the others (Fig. 1) . No spatial difference was recorded in 2003, but the p-value was nearly significant (F 7,70 = 2.1, p = 0.06). Wind exposure did not significantly affect fish density around pinnacles, whatever the year.
The correspondence analysis performed on abundance data in 1987 and 2003 (Fig. 2) confirmed that important spatiotemporal variations occurred during the 16 years span. The first axis (explaining 20% of the total inertia) opposed mainly stations of 1987 (pinnacles 1, 2, 4, 6, 7 and 8 at 6 m, with negative coordinates), to stations of 2003 (pinnacles 2, 5, 7 and 8 at both 6 m and 12 m, with positive coordinates). The second axis (explaining 15% of the total inertia) differentiated stations of 1987 (pinnacles 2, 3, 5, 6 and 8, with positive coordinates), situated mostly at 12 m, from stations of 2003 (pinnacles 3, 4 and 6 with negative coordinates). Species associated with the first group of stations (with negative coordinates on axis 1 and mainly from 1987) were diverse, and mostly comprised commercially fished species. They were opposed on the same axis with site-attached species (mainly Pomacentridae and Ptereleotridae), related to stations from 2003.
Differential variations of commercial vs. non-commercial fish communities
No significant temporal variation in commercial or noncommercial fish density appeared between 1987 and 2003 (hierarchical ANOVA, nested factors: "year", "pinnacle" and "depth"), but a clear spatial effect was observed ("pinnacle" effect: F 7,7 = 6.8, p < 0.001 for commercial fishes, F 7,7 = 5.8, p < 0.001 for non-commercial species) (Fig. 3) . When analysed at the pinnacle level, commercial fish density decreased between 1987 and 2003 at pinnacle 2, the closest to the village ("depth" factor significant: F 1,1 = 7.8, p < 0.05). The interaction with the "year" factor was significant (F 1,1 = 5.5, p < 0.05), suggesting a depth-dependant decrease between 1987 and 2003 occurring at 6 m. At pinnacle 5, both commercial and non-commercial species density decreased. For commercial fishes, both factors had significant effects (F 1,1 = 5.1, p < 0.05 and F 1,1 = 6.8, p < 0.05 respectively for "year" and "depth"). For non-commercial fishes, only "year" had a significant effect (F 1,1 = 10.3, p < 0.05). At pinnacle 8, non-commercial fish density increased significantly with time at 6 m, but not at 12 m (significant interaction "year" × "depth", F 1,1 = 8.7, p < 0.05). The density of commercial/non-commercial fishes did not vary significantly at the remaining pinnacles, but the general trend was a decrease for both categories at pinnacles 1, 2, 5 and 6, while an increase was noted elsewhere, especially for non-commercial species.
The density of commercial fishes varied significantly among pinnacles in 2003 (hierarchical ANOVA, "pinnacle" effect: F 1,7 = 4.7, p < 0.001), but not between depth or wind exposure. Non-commercial fish density showed no significant difference for the three factors. Pinnacles 2 and 5 had a significantly lower density in commercial fishes than the other pinnacles (SNK test following a one-way ANOVA on log-transformed abundance data). In 1987, the situation was clearly the opposite. No significant variation was observed in the density of commercial fishes for the same factors (except wind exposure which was not considered in the hierarchical ANOVA). Conversely, the density of non-commercial fishes varied significantly with pinnacles (F 1,7 = 19.2, p < 0.001) but not with depth. Pinnacle 5, followed by pinnacles 3 and 6, had more non-commercial fishes than other pinnacles (SNK test following a one-way ANOVA on log-transformed abundance data).
Discussion
The analyses performed on 1987 and 2003 data underlined the dominance of spatial over temporal variations in coral reef fish communities in the lagoon of Tikehau. Spatial heterogeneity of species richness, diversity and density of fish were more important than the temporal variations that occurred during this 16-year period.
The total number of fish species recorded during each sampling campaign increased from 1987 to 2003. The larger sampling effort in 2003 may account for this difference. Despite an increased sampling effort, the mean species richness significantly decreased in the lagoon from 1987 to 2003. Mean diversity also decreased, confirming the strength of this trend, whereas mean fish density did not vary significantly.
Temporal decrease in species richness and diversity
Several hypotheses may explain the decrease in mean species richness and diversity observed over time in Tikehau atoll. Species richness and coral cover are usually positively correlated in coral reef lagoons (Bell and Galzin 1984) . Thus, an overall decrease in coral cover in Tikehau lagoon during the last 16 years may explain a decrease in fish species richness. This was not documented in Tikehau, and field observations of coral communities in 2003 (unpubl. data) did not support this hypothesis.
A change in the number of species per trophic level may have happened via trophic cascades in the context of exploitation (Jennings and Polunin 1997; Sala et al. 1998) or human disturbances (Bozec et al. 2005) . However, this decrease has to be co-examined with the spatial variations observed between the two sampling campaigns, in order to understand the real nature of the shift in the fish communities.
Spatial variations of fish community descriptors between 1897 and 2003
In 1987, the mean fish density per pinnacle was higher in the eastern part of the lagoon (Morize et al. 1990 ). This pattern changed in 2003, resulting from an increase in the western part, particularly near the pass, combined with a decrease in the eastern part. The eastern part of the lagoon includes the village and three pinnacles nearby (pinnacles 1, 2 and 6, Fig. 1 ). There, the density decrease was combined with a decrease in species richness and diversity. Pinnacle 5 also followed the same significant trend, fish density being particularly affected. Rarely visited by people in 1987, this pinnacle, a small intra-lagoonal islet (motu), had become a regular weekend base camp for many villagers in 2003.
The ratio of commercial/non-commercial species showed a temporal stability at the lagoon scale, as overall fish density of both categories did not vary significantly between 1987 and 2003. However, a clear variation in spatial distribution was observed during this period for both fish categories.
A clear shift in fish community structure was illustrated by the correspondence analysis. The stations monitored in 1987 were mainly characterized by commercial species (Acanthuridae, Serranidae, Scaridae and Labridae) whereas the stations of 2003 were closely associated with non-commercial fishes (Pomacentridae and Ptereleotridae). This shift was highlighted by the absence of Epinephelus microdon (polyphekadion) in transects surveyed in 2003. This grouper of high commercial interest was conspicuous in 1987. A similar result was predicted by a model developed for the atolls of the Tuamotu archipelago (Mellin et al. 2006) , and applied to Tikehau (Mellin et al. 2008) , suggesting that the group of species affected by fishing pressure would be mostly large sized (> 50 cm) piscivores and macrocarnivores.
Shift in fish communities as a response to changes in fishing practices
The descriptors of fish communities (mean density, species richness and diversity) all showed a decrease between 1987 and 2003 at sites located near the village, or where human activity has significantly increased between the two dates. In 1987, the main fishery, consisting in passive fish traps (Morize et al. 1990) , was located at the pass. Recent discussions with fishermen in charge of the traps revealed that their activity had slowed down in the last few years (unpublished data). Both the number of fishermen and effective traps had decreased. This was concomitant with an increase in fish density, species richness and diversity at the pinnacles located near the pass.
Conversely, the human population increased by 23.2% between 1988 and 2002. This happened only at the main village, while the small village at the pass, where fish trap fishermen were residing, had lost many inhabitants. A high class hotel and many guesthouses have been established in the main village, resulting in a drastic increase in tourism between 1987 and 2003. In 1987, the main fishery at the pass was non selective, while hand line and spear fishing in the lagoon were low. In contrast, the trap fishery was reduced in 2003 whereas hand lining and particularly spear fishing (a highly selective fishing practice), had notably increased. Thus, the shift observed in the fish communities of the Tikehau lagoon is likely to result from an increase in selective fishing pressure (different dominating practices of hand line and spear fishing). The vanishing of the grouper Epinephelus microdon (polyphekadion) from the lagoon in recent times (confirmed by talks with fishermen) confirm this hypothesis, as this species is highly vulnerable to both selective fishing practices.
The change from a sustainable passive trap fishing, which contributed to the development of a healthy grouper population in Tikehau in 1987, to selective fishing practices have also occurred in other atolls of the Tuamotu archipelago with an increasing human population. These results underline the need for better management practices, even in remote places with mild fishing pressure. The implementation of Marine Protected Areas (MPAs) in some French Polynesian islands (Moorea: Lison de Loma et al. 2008, Fakarava: Man and Biosphere -MAB UNESCO reserve) is clearly a good step forward. However, less populated atolls should also be considered in a regional management plan, including no-take areas, in order to support sustainable fisheries, a critical resource for the populations living there. Finally, these results illustrate what to expect in many atolls of the world, with the increase and shift in fishing practices. 288 T. Lison de Loma et al.: Aquat. Living Resour. 22, 281-290 (2009) 
